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MEZC

ELIC: JLAB’s Future Nuclear Science Program

« JLab has been developing a design of an electron-ion collider (ELIC)
based on the CEBAF recirculating SRF linac for nearly a decade.

* Requirements of the future nuclear science program drives ELIC design
efforts to focus on achieving

« ultra high luminosity per detector (up to 103° at high energy) in multiple
detectors

« very high polarization (>80%) for both electrons & light ions

* Medium-energy Electron lon Collider (M£ 7 ) project.

» A stage to be a good compromise between science, technology and project
cost

— Energy range is up to 60 GeV ions and 11 GeV electrons
« A well-defined upgrade capability to higher energies is maintained
« High luminosity & high polarization continue to be the design drivers
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MEIC Jefferson Lab Now

Electra
SounBE
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MEIC Luminosity

General luminosity formula for any e-p collider

NeNpNBfTev

[, =
27T\/05,3p2 + 0x62\/0yp2 + 0y

N, (No) Number of protons (electrons) per bunch
Ny Number of bunches
f.., revolution frequency

o, (0,) rms beam sizes

qeffergon Lab

@&~



MEZC

ELIC considerations

* Luminosity is dominated by proton beam parameters

— Minimum achievable € (space-charge & IBS
fundamental limits —cooling solution ?)

— Minimum achievable 3

* limited by FF quad aperture at 3., (LHC
magnet aperture 70 mm)

» ability to correct chromaticity specially with 7 m
focal length)

 Hour glass effect - Bunch length ("~ o, )

Electron FF parameters are then matched to achieve
values of proton beam (0%,,=0%,& 0%, =07,

p.X
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MEZC

Optimum conditions

1. Beam cross sections of proton & leptons have to match to limit the nonlinearity of the
beam-beam interaction
0% x=0%ex 0%y =0%ey
2. The total beam current of lepton beam is limited by the available rf power

N.=L/(e .Ng.1.,)
N, limited by space charge effects in the injector chain.
4. The beam size at IP limited by p™#* of protons at IR FF quads

W

_ I Npvyp
47Te\/5;';p oA/ €z N €y N
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MEZC

Luminosity beam-beam
tune-shift relationship

 Linear beam-beam tune shift

l

N-r, 1 £ = N-r, 1
27Ty, g;(1+ay/ax) Y 2y, s;(1+ay/ax)(ax/ay)

£ =

« Express Luminosity in terms of the (larger!) vertical tune shift (i either 1 or 2)

S NEy, I &
= 2’?[3):: (1+(7 )_e2ry (1+ay/ax)

* Necessary, but not sufficient, for self-consistent design

« Expressed in this way, and given a “known” limit to the beam-beam tune shift, the only
variables to manipulate to increase luminosity are the stored current, the aspect ratio, and
the B* (beta function value at the interaction point)

Applies to ERL-ring colliders, stored beam (ions) only
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MEZC

Evolution of the ELIC Design

= Energy Recovery Linac — Storage Ring (ERL-R)
» ERL with Circulator Ring — Storage Ring (CR-R)

= Back to Ring-Ring (R-R) — by taking advantage of CEBAF as full
energy polarized injector

= Challenge: high current polarized electron source
« ERL-RINg: 25A
« Circulator ring: 20 mA
« State-of-art: 0.1 mA

= 12 GeV CEBAF Upgrade polarized source/injector already meets
beam requirement of ring-ring design

CEBAF-based R-R design preserves high luminosity and high
polarization (+polarized positrons...)

qeffergon 1) @ @JSA



MEIC Medium Energy EIC

prebooster lon
Sources
~——1Ha
_ SRF Linac
medium-energy
IPs
Q. O
Low-to-
medium
colliderring ‘

polarimetry [
low-energy IP

Three compact rings:

* 3 to 11 GeV electron

injector * Up to 12 GeV/c proton (warm)
* Up to 60 GeV/c proton (cold)

12 GeV CEBAF
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MEZC

Big booster
(up to 12 GeVic)

Detailed Layout

Prebooster

warm ring

3 Figure-8
rings stacked =
vertically

Medium energy IP with

. . electronring
horizontal crab crossing

injector
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MEIC ELIC: High Energy & Staging

Serves as a large booster to
the full energy collider ring ()
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ME 7' Ring-Ring Design Features

= Ultra high luminosity

= Polarized electrons and polarized light ions

= Up to three IPs (detectors) for high science productivity

“Figure-8” ion and lepton storage rings
» Ensures spin preservation and ease of spin manipulation

* Avoids energy-dependent spin sensitivity for all species

Present CEBAF injector meets MEIC requirements

» 12 GeV CEBAF can serve as a full energy injector

= Simultaneous operation of collider & CEBAF fixed target program
possible

Experiments with polarized positron beam would be possible

.geffergon 1) @ &JSA



M{IC Figure-8 lon Rings

* Figure-8 optimum for polarized ion beams

— Simple solution to preserve full ion polarization by
avoiding spin resonances during acceleration

— Energy independence of spin tune

— g-2 is small for deuterons; a figure-8 ring is the only
practical way to arrange for longitudinal spin polarization
at interaction point

— Transverse polarization for deuteron looks feasible
— Long straights can be useful

 Allows multiple interactions in the same straight — can
help with chromatic correction

— Only disadvantage is relatively small cost increase

.!effergon 1) @ &JSA



MEZC Adopts Proven Luminosity Approaches

High luminosity at B factories comes from
* Very small * (~6 mm) to reach very small spot sizes at collision points
* Very short bunch length (o,~ B*) to avoid hour-glass effect
« Very small bunch charge which makes very short bunch possible

« High bunch repetition rate restores high average current and luminosity
» Synchrotron radiation damping

= KEK-B and PEPII already over 2x1034 [cm?/s
—-m

Repetition Rate 1500
Particles per Bunch 1010 3.314 0.42/1.25
Beam current A 1.2/1.8 1/3
Bunch length cm 0.6 1/0.75
Horizontal & Vertical 3* cm 56/0.56 10/2
Luminosity per IP, 1033 cm=2s1 20 5.6 ~ 11

JLab believes these ideas should be replicated

in the next electron-ion collider
.!effergon 1) @@JSA



MEIC Design Parameters for a Full

Acceptance Detector

Beam energy

Collision frequency GHz 1.5 1.5
Particles per bunch 1010 0.416 1.25
Beam Current A 1 3
Polarization % >70 ~ 80
Energy spread 104 ~3 7.1
RMS bunch length mm 10 7.5
Horizontal emittance, normalized MM rad 0.35 54
Vertical emittance, normalized MM rad 0.07 11
Horizontal * cm 10 10
Vertical * cm 2 2
Vertical beam-beam tune shift 0.007 0.03

Laslett tune shift 0.07 Very small
Distance from IP to 1st FF quad m 7 3.5
Luminosity per IP, 1033 cm2s! 5.6

.Jeffers)on Lab @ &JSA



MEZC
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MEZC Electron Figure-8 Collider Ring
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Figure-8 crossing
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METC Electron Collider Ring

Electron ring is designed in a modular way
* two long (140 m) straights (for two IPs)
« two short (20 m) straights (for RF module), dispersion free
» four identical (106.8°) quarter arcs, made of 135° phase advance FODO caell
with dispersion suppressing
« four 50 m long electron spin rotator blocks

- C:\Working\ELIC\MEIC\Optics\Electron Ring_1000\quart_arc_in_per.opt

Mon Jun 28 19:23:50 2010  OptiM- MAIN

135° FODO Cell for arc

w0000

Dipole 1.1m 1.25T (2.14 deq)

Quad 0.4 m 9 kG/cm / U\/UW\/U U\/UUUUWUWUUW\/WWU

Cell 4m

\/\
2 dis. sup. gl 2 dis. sup.
 cells 26 FODO cells cells

Mon Jun 28 19:07:51 2010 OptiM - MAIN: - C:\Working\ELIC\MEIC\Optics\Electron Ring_1C Mon Jun 28 19:11:11 2010 OptiM - MAIN: - C:\Working\ELIC\MEIC\Optics\Electron Ring

Figure-8 ColliderRing- Footprint
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MEZC
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METL Arc Cells

» 135 phase advance per cell
for minimum equilibrium
emittance

» Dispersion is well tailored
to add chromatic correction

B (m), B (m)

sextupoles
0.0 T T T T T 0.10

370. 371. 372. 373. 374. 375. 376.
Arec dipoles: Arc quadrupoles "
Lb=1.10 m Lg=0.40 m . . . .
B<125T G=0099 T 135 FODO‘offfers emittance prese-rvmg optics

— (H) minimum for FODO lattices

ang=2.14 deg.
rho = 29 4 meter

Synchrotron radiation power per meter less than 20 kW/m
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Interaction Region

B. =10cm

' ‘Relaxed’ IR Design: .
P =2cm

 Beam Stay Clear and FF quad apertures

+ Chromaticity Compensating Optics
# Uncompensated dispersion in the straights
# Anti-symmetric dispersion pattern across the IR

# Dedicated Symmetric Inserts around the IR

' Forward detection/tagging, low Q? tagging

.}effers)on Lab @ @JSA



low-Q?
electron detection

dipole

Jefferson Lab

Detector and IR layout

large aperture
electron quads

small angle

central detector with endcaps hadron detection

dipole ion quads

| g

——

small diameter
electron quads

IP
—_——r—
~50 mrad crossing
Solenoid yoke + Muon Detector
Solenoid yoke + Hadronic Calorimeter
) Tracking
O
H
)

Muon Detector

Hadron Calorimeter

A

v

5 m solenoid

ultra forward
hadron detection

dipole
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Interaction Region

[*=35m FF doublets
| | | N O R | " )
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-~ 800. T T T T T T T T T 04 — /3* 2)(10_2
B ] " )
= B By p'x=10cm f*=2cm | s
= 700. - - 0.3
g : ; |
& L 0.2
600. - 2y
L 0.1 gIR —_ f__ =7
s0. /- | B*f B
] L 0.0
400. /\‘ -
? f ‘ \ L (
_ 1
300. - ( §1:= — fﬁx (—go+1m081)ds;
. " - 4 Jo ~—
=8, Np#0 max
MNip7H .nIP AT B gy
100. - _ 04
0.0 : . = . . . . : . -0.5
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P C,=-47 T, =-66
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METC
Two Interaction Region

Two Symmetric IP’s at the
same straight with R L L O L L L L
antisymmetric dispersion |- S e S
Phase between IP1-1P2 ] |
adjusted to cancel second | ..
order chromaticity.
. J //\/\ :--0.3
Matching to 1 ~ 0
ArC 00 s 160 205 S(zri()).\/zéi 230, 265 280, 295. 310 33507
. IP IP
Matching to
second IR
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MEZC

Chromatic Aberration

Smearing of image at IP Phase advance change
-chromaticty with Op/p

Reduce momentum acceptance

Reduce Touschek lifetime

ELIC -2 fix both problems

Jefferson Lab



METC
Montague Chromatic function

Sextupoles off

800.

= = =~ ~
&g = g -
a ¥ S 20. r
3 2 = 700 S
& &, S o
& ~ 18. ~
B = < 600 =
< 0 B 7] 16. X
& = § 6 =
(<=l
500. : - 14.
: 12.
400.

10.

300. L s,

200. 4 : -0

L 4.

100. 4

L 2.

0.0 ‘ ! 0.0

75. 190. 205. 220. 235. 250. 265. 280. 295. 310. 325.

s (m)
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METC Chromaticity

Analytical Approach

The Hamiltonian of a particle moving in a circular accelerator

H(x.y.pa py) = (143 Ko) /(L 0)7 = pa? — 245 (1+ 2K,) 2+ 3000 o iy /2 (—1)m
Binomial[n + 2, m]z?T22me2m

. . . . - n
Expansion of the tune with momentum deviation 0, ( = Z 0"y,

First Order Chromaticity
1x:ﬁ fos (_6:13 (K2 + gO - 91770) - 2043:K776 + ’YxKnO) ds

—_— —

A4 \
Radius of curvature < Quadrupole field Dispersion o & B tWI1SS parameters
Sextupole field

_ﬁ fos (By (90 — 91m0) + vy Kno) ds

y= (K2 4 go) B+ 18

.geffergon 1) @ g-JSA




METC Chromaticity

Analytical Approach

Second Order Chromaticity:

3

C2a:=ﬁ (fol B[s]G2[s]ds — T%HOG%[O] - EZO:1 S(M—O) (a%[n] + b% [n]))

Mg—ﬂ'an

aral]=2 fy ((Gra — 55 (Z2) 2Kano ) Cos [ 220, | + 222 (82 Kyng — Koy Sin 2226, |) ds

boalnfi=2 fo ((Gro = 55 (Z2) *Kanmo ) Sin [ 226, | — 22 (S Kmg — Kanf) Cos |22, ]) ds

@ betatron phase

Gl,m: - Bm (Kg% + go — 91770) - 205:1;Kx77,0 + ’YmeUO

qeffergon 1) @ @JSA



MEZC Manipulating Chromaticity

Analytical Approach

— Assuming straight section (MEIC IR case)

z
ClZﬁ fo Bz (—go +nog1) ds

(,~0 for Sextupolefield g,~gy/ne

l ” x
C2:ﬁ fO <5:cg%% + %5909077(2) + %U(Z)Ba: + %9277(2)) ds

¢, ~ 0 for octupole field g2=7 oz (ﬁxgo (g— + gng) 4 %n%ﬁx”)

.!effergon 1) @ @JSA



METC
Local Chromatic Correction

Six Sextupole pairs placed semi- ‘l' ‘l' l' _ ‘l' ‘l' ‘l' \l'
symmetrically around IP EU " I L1 I "'” |"” "ﬂ ll'" I ". D]]'D ". ”'
the closest pair to IP was applied z S ; : : : . : . . : 04 <
to eliminate the Wx,y at IP = B B 3
five pairs confine chromatic 3 0.4 07
functions within the IR = 1 [ 0>
600. - z i
B correction sextupoles around IP 500, - 0.1
reduced W’s from 103 to 10~ range and ' f i [
be confined to acceptable values at end wo.d [
of IR | - 0.1
300. S I
Second order chromaticity arising from - r 02
IRs final focus quadrupoles and 200.4 : 03
correcting sextupoles was mitigated by 1/ N
fixing the phase advance between the 100. 1 - -0.4
two symmetric IR to be 1.(1/2 + n) ' '
(where n is an integer number) 050 1m0 T 2050 2200 2350 200

s (m)
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MEZC

Local Chromatic Correction

2 800. .
E P By W
= 700. 1 : W. :
§ H
&
B 600. -
(<=1
500.
400.
300.
200. -
100. - : \/
0.0 y \w . . \ \/
175.  185. 195. 205. 215. 225. 235. 245.  255.

s (m)

Sextupoles off
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MEZC

Local Chromatic Correction

Be (m), Bs (m), D (m)

/V\/\/\/\ -4.
' T o ¥ T » — v T 0.0
205. 220. 235. 250. 265. 280. 295. 310. 325.
s (m)

Sextupoles off

.Jeffers?on Lab

W W K107 3)]

450. - ’

400. - :
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100. -

00 s 190, 205, 230, 235. 230 285 230.
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METC
Global Chromatic Correction

ili : - Sextupol
families of sextupoles in the arcs & IP Dipole ~ >CXHPOIe Quadrupole

free straight

AI'C: z 2 . . . . . 026 o
Four interleaved sextupoles % i PP
families = ]
Every family member at (31) - . |
transformation from each other to o
cancel second order aberrations 51 078

F0.16

from those sextupoles.

- 0.14

IP free straight with special symmetric 2 s
insertion blocks, the sextupoles were

; . e . 0.0 : . : . : + 0.10
placed in a non interleaved families with S

-| transformation apart as well.
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METC
Global Chromatic Correction

‘S\ 800 T T T T T T T T T 500 E
3 B B W /S S
s 0.4 [0
- L 400.
S 600. s
\&; L 350.
500. L 200,
400. L 250.
300. - 200.
L 150.
200. I
L 100.
l*' \ l / M |
- 50.
N J\ |
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ ' “ b‘ "uw AW "n' ‘ .
134. 201, . 9. 536. 603. 670. '

s (m)
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METC
Tune Variation with ép/p

37 T T 32 T T T
Corrected \ Corrected
369 = = =not corrected 319+ \ = = =not corrected |
A 31.81 b
36.8f N 8
: \
\ 31.7r B
\
36.7 \ b
N 31.61 1
N
x Al >
G 3661 \ 1 & 315f 1
36.5 g s14r i
31.31 ]
36.4 b
31.21 ]
36.31 b 311k )
. . . 31 Lo . . . . . . .
2 3 4 -3 -2 -1 0 1 2 3 4
x107 dp/p x107
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METC
Touschek Lifetime
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ﬁ
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» Accurate estimate of the Touschek
effect is obtained by estimating the
integral equation as a sum over all N
elements in the lattice.

» The beam parameters(a, f & n )are all
assumed constant at end of each of
the N lattice elements 0.003 momentum

» Momentum acceptance for the lattice: acceptance for the

» Constant across the whole lattice lifetime to reach 3

Touschek Lifetime [Hour]
[<2]

=
T

N
T

‘o/

---0" i i i i
1 2 3 4 5 6 7
Momentum Acceptance &p/p x 107

o3

hours
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MEIC Electron Polarization in Figure-8 Ring

] electron spin in
iIons vertical direction

Clecty,

——

] ) On .
spin tuning /Ongitu;.pln in
. solenoid dirgr,, 14l
electron spinin Cliop,
vertical direction o Sol1
Sol2
B2 —/
a, = c'l,"(%] @1
a, = ayd, 0>

» Polarized electron beam is injected at full energy from 12 GeV CEBAF

» Electron spin is in vertical direction in the figure-8 ring, taking advantage
of self-polarization effect

« Spin rotators will rotate spin to longitudinal direction for collision at IP,

than back to vertical direction in the other half of the ring

qeffergon Lab @ EJSA



MEZC  Universal Spin Rotator

Soll e-
spin 52 >o 5 ‘/from arc
- @1 :
s, . 48 ;ou;u, spin
4.4°

ections nterieava win wo | NEMICTCINCT TP RTTT
sections interleave with two

. spln spln arc SIc
solenoids rot. rot. bend1 bend 2
» The rotator works by GeV rad Tm rad Tm rad rad
adjusting spin rotation 3 w2 157 0 0 w3 6
angles in solenoids 45 w4 1.8 w2 236 T2 /4
depending on the beam 6 063 123 m-1.23 382 2m/3 /3
energy. 9 w6 157 2m3 628 n /2
» X-Y betatron coupling 12 062 246 w123 764 4mw3  2m3
introduced by solenoids
must be compensated

qeffergon 1) @ @JSA



MEZC

Optics Coupling Compensation

« X-Y beam coupling introduced by solenoids is compensated locally

« Each solenoid is divided into two equal parts and a set of quadrupoles
IS inserted between them to cancel coupling

»Emma rotator
»More general solution (Liwinenko)

Challenges:

1. Work at all energies

2. Independent of solenoid strength

3. Space economy (we need at least four
of USR)

4. Modular to be easily matched and

implemented at different places along

the ring

.geffergon Lab
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METC
Emma Rotator

N
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METC
Emma Rotator

qeffergon Lab

® w
| R Auxiliary 3- functions |
;.— ! ] -
E . / ~/i\1 by ]
— N 5 H
. o BETA_1X BET BETA_1Y BETA_2X 21.5S27
I — I | — | | E— —
21.5m
Disadvantages:
From element 1{o&) to Eleraent 19{csol)
Iatrix. Energy increase [IvIeV]=0 Fror 9000 to 9000
1 " Ve ry |O n g Z[cr] Px ¥lem? ry dL[cra] dP/P
: - 444304901  6900133e+02 218209506  -5649600e-04  0000000e+00  0.000000e+00
2. Req uires 8 qu ads with AA9TO0C5SIIA0AN1 2518501609 443426707 00000006400 0.000000¢+00
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] 0000063420 0.002225g0 0.000000e+00  0.000000e+00  1.000000e+00  6.939013¢-06
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matching (un-modular)
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METC
General Case

A O

Msol 'MCOMP ‘Msol = O B

M 0
0 -M

MCOMP = (

« Three required optimization parameters to fulfill four
conditions (Mcgyp) Minus simplicity of the system.
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METC
MEIC Spin Rotator

* A set of two symmetric doublets separated by one quadrupole is
designed to meet the three conditions

 The compactness incorporated in the optimization process yielding
relatively short drifts in between quadrupoles

.geffergon 1) @ &JSA



MEZC

Locally decoupled solenoid

w w
]
Auxiliary 3- functions
E
P
2 .
=
g
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MEZC  Locally decoupled solenoid
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The symmetric insert: requires only four parameters to
match the insert to the end of the arc and to the FODO
cells of the straight. This will reduces number of matching
quadrupoles to only four.
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METC
Spin Rotator in Arc
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